The heterogeneous environment of the lung of the cystic fibrosis (CF) patient gives rise to Pseudomonas aeruginosa small colony variants (SCVs) with increased antibiotic resistance, autoaggregative growth behavior, and an enhanced ability to form biofilms. In this study, oligonucleotide DNA microarrays were used to perform a genome-wide expression study of autoaggregative and highly adherent P. aeruginosa SCV 20265 isolated from a CF patient's lung in comparison with its clonal wild type and a revertant generated in vitro from the SCV population. Most strikingly, SCV 20265 showed a pronounced upregulation of the type III protein secretion system (TTSS) and the respective effector proteins. This differential expression was shown to be biologically meaningful, as SCV 20265 and other hyperpiliated and autoaggregative SCVs with increased TTSS expression were significantly more cytotoxic for macrophages in vitro and were more virulent in a mouse model of respiratory tract infection than the wild type. The observed cytotoxicity and virulence of SCV 20265 required exsA, an important transcriptional activator of the TTSS. Thus, the prevailing assumption that P. aeruginosa is subject to selection towards reduced cytotoxicity and attenuated virulence during chronic CF lung infection might not apply to all clonal variants.
The heterogeneous environment of the lung of the cystic fibrosis (CF) patient gives rise to Pseudomonas aeruginosa small colony variants (SCVs) with increased antibiotic resistance, autoaggregative growth behavior, and an enhanced ability to form biofilms. In this study, oligonucleotide DNA microarrays were used to perform a genome-wide expression study of autoaggregative and highly adherent P. aeruginosa SCV 20265 isolated from a CF patient's lung in comparison with its clonal wild type and a revertant generated in vitro from the SCV population. Most strikingly, SCV 20265 showed a pronounced upregulation of the type III protein secretion system (TTSS) and the respective effector proteins. This differential expression was shown to be biologically meaningful, as SCV 20265 and other hyperpiliated and autoaggregative SCVs with increased TTSS expression were significantly more cytotoxic for macrophages in vitro and were more virulent in a mouse model of respiratory tract infection than the wild type. The observed cytotoxicity and virulence of SCV 20265 required exsA, an important transcriptional activator of the TTSS. Thus, the prevailing assumption that P. aeruginosa is subject to selection towards reduced cytotoxicity and attenuated virulence during chronic CF lung infection might not apply to all clonal variants.
Pseudomonas aeruginosa is the most dominant bacterial pathogen causing chronic lung infection in cystic fibrosis (CF) patients (16, 30, 44) . Although intensive antipseudomonal chemotherapy has greatly improved the prognosis in CF, P. aeruginosa cannot be permanently eradicated from the lung of a CF patient (CF lung) (21) . A characteristic microbiological finding is the recovery of different phenotypic variants from the respiratory tracts of CF patients (58) although most patients are colonized with only one or a few P. aeruginosa genotypes (4) . The appearance of multiple morphotypes may be facilitated by "hypermutable" strains of P. aeruginosa, which have been isolated at high frequency from CF patients (35) . In the context of chronic P. aeruginosa CF lung infection, attention has long focused on the appearance of the most common mucoid P. aeruginosa phenotype (16) . Other phenotypes, however, including dwarf, or so-called small colony variants (SCVs), can be isolated from the CF lung. It has recently been shown in our lab that the recovery of SCVs could be correlated to parameters revealing poor lung function and the use of inhalative antibiotics (19) . Among the heterogeneous group of clinical SCV isolates from different patients, a subgroup was identified exhibiting hyperpiliation and increased twitching motility as well as increased fitness under stationary growth conditions, better biofilm-forming capabilities, and a high adherence to a pneumocytic cell line in comparison with the clonal fast-growing wild types (20) . Similar SCVs from P. aeruginosa that seem to be adapted especially to the formation of biofilms have been described by others (12, 13) . As a biofilm mode of growth within the CF lung may be responsible for persistent P. aeruginosa infection (27, 43) , we have aimed at elucidating the role of those autoaggregative and highly adherent SCVs in the pathogenicity of CF lung infection. To face this challenge, we used a P. aeruginosa GeneChip (Affymetrix) to compare genome-wide expression patterns of the autoaggregative and highly adherent SCV 20265 with its clonal wild type and a fast-growing revertant that was isolated in vitro from the SCV population. The morphotypes of strain SCV 20265 were already the subject of a recent proteome analysis that revealed significant differences among the profiles of secreted proteins between these clonal variants (50) . In this study, we demonstrate that the transcriptional expression-signatures of all three morphotypes are distinct. In comparison to the wild type, SCV 20265 differentially expressed several genes known to be affected in P. aeruginosa living in a biofilm. Moreover, genes involved in the type III secretion system (TTSS) were strongly upregulated in the SCV 20265, matching the results of the recent proteome analysis (50) . The increased expression of the TTSS and respective effector proteins in 20265 SCV and other autoaggregative SCVs was shown to be linked to increased in vitro cytotoxicity and enhanced virulence in murine respiratory tract infection. bacteria was extracted. Briefly, bacteria were harvested by short centrifugation, resuspended quickly in water, and lysed in the presence of a 65°C hot mixture of 62.5% (wt/vol) phenol (pH 5.5), 2.2 mM sodium dodecyl sulfate, 9 mM Naacetate, and 0.9 mM EDTA for 10 min with shaking. The aqueous phase was purified by subsequent extraction with phenol-chloroform and chloroform. The nucleic acids were pelleted with ethanol (Ϫ20°C overnight), washed with 70% ethanol, and treated with 40 U of DNase I (Roche) and 20 U of SUPERaseIn (Ambion) in DNase I buffer (50 mM Na-acetate, 10 mM MgCl 2 , 2 mM CaCl 2 , pH 6.5) for 30 min at 37°C. After purification with RNeasy columns (QIAGEN), the yield of total cellular RNA was determined by UV absorption. RNA with a size below 200 bp (e.g., tRNAs and 5S rRNA) is below the cutoff of the column and therefore could not be recovered.
cDNA generation, fragmentation, and biotinylation. To reduce variations in the abundance of specific mRNAs due to slight differences in growth conditions and RNA preparation, we pooled equal amounts of RNA from three cultures to get a final amount of 10 g. The subsequent steps of cDNA generation and biotin-ddUTP terminal labeling were performed as described in the manufacturer's instructions for the P. aeruginosa GeneChip. Ten micrograms of total RNA was mixed with random primers (Invitrogen) and control in vitro transcripts of 10 non-Pseudomonas gene sequences (kindly provided by S. Lory and coworkers) and incubated for 10 min at 70°C followed by 10 min at 25°C. Then cDNA reaction mix was added, which consisted of 5ϫ first strand buffer (10 mM dithiothreitol, 0.5 mM deoxynucleoside triphosphates [dNTPs], 25-U/l SuperScript II [all from Invitrogen], and 0.5-U/l SUPERaseIn [Ambion]). This was followed by incubation for 10 min at 25°C, 60 min at 37°C, 60 min at 42°C, and 10 min at 70°C. RNA was removed by adding 1 N NaOH and incubation for 30 min at 65°C; 1 N HCl neutralized the reaction. The cDNA was purified with the QIAquick column (QIAGEN) and quantified by A 260 . cDNA was fragmented in One Phor-All buffer with 0.5 U of DNase I (Amersham Pharmacia Biotech) per g of cDNA for 10 min at 37°C and subsequent inactivation for 10 min at 98°C. To check if the majority of cDNA fragments were in a 50-to 200-bp range, 5 l was loaded on a 2% (wt/vol) agarose gel stained with SYBR Green (Molecular Probes). The fragmentation product was end labeled with the Enzo BioArray terminal labeling kit with biotin-ddUTP (Affymetrix).
Generation of targets from genomic DNA. For hybridization of genomic DNA of the SCV with the GeneChip, 15 g of genomic DNA from stationary-phasegrown cells was restricted with 75 U of BstUI (New England Biolabs) at 60°C for 16 h followed by phenol-chloroform-isoamyl alcohol extraction and precipitation with isopropanol. This enzyme cut the majority of the genome to fragments of between 50 and 200 bp, which were suitable for GeneChip hybridization. The DNA pellet was applied to a 2% (wt/vol) agarose gel and labeled as described.
GeneChip hybridization and washing. MES hybridization buffer (100 mM MES [morpholineethanesulfonic acid], 1 M NaCl, 20 mM EDTA, 0.01% Tween), 50 pM B2 control oligonucleotide (Affymetrix), 0.1-mg/ml herring sperm DNA (Promega), 0.5-mg/ml BSA (Invitrogen), and 7% (wt/vol) dimethyl sulfoxide (DMSO) were added to the labeled cDNA and loaded onto a GeneChip. After incubation for 16 h at 50°C at 60 rpm in an Affymetrix hybridization oven, the GeneChips were put into the Affymetrix fluidics station for washing. Analysis of P. aeruginosa GeneChip hybridizations. The P. aeruginosa GeneChip (Affymetrix) contains oligonucleotide probes for 5,549 protein-coding genes, 18 tRNA genes, a representative rRNA cluster, and 199 intergenic regions selected from the annotated genome of P. aeruginosa strain PAO1 (45) as well as 117 genes from P. aeruginosa strains other than PAO1 and 14 genes from other species, which can serve as controls (34) . Data analysis was performed using the Affymetrix Microarray Suite software 5.0 with Affymetrix default parameters. As expression analysis was performed in duplicate, a total of two GeneChips per variant and growth stage were scanned at 570 nm with a 3-m resolution in an Affymetrix GeneChip scanner. The average microarray hybridization signal intensities were scaled to 150. Two different morphotypes from the same growth stage were compared with each other by analyzing the four possible GeneChip pairings (e.g., SCV1 versus WT1, SCV1 versus WT2, SCV2 versus WT1, and SCV2 versus WT2), known as the four-comparison survival method (3, 6) . The data were imported into a Microsoft Access database capable of searching for genes, which were found in all four pairings (i) at least twofold regulated and (ii) defined by the Affymetrix Microarray Suite Software as having significant changes in their signal intensities. The arithmetic average and the standard deviation (SD) were calculated. Data were combined with the latest annotation (10 August 2003) from the web site of the P. aeruginosa PAO1 sequence and the community annotation project provided at www.pseudomonas.com.
Proteome analysis. Preparation of protein samples, two-dimensional gel electrophoresis, and matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis were performed exactly as described earlier (50) .
Cytotoxicity assay. The cytotoxicity of the phenotypic variants was assayed by using the murine macrophage cell line J774.A1. Bacteria were grown in LuriaBertani (LB) medium (10-g/liter tryptone, 5-g/liter yeast extract, 5-g/liter NaCl, pH 7.2) to the exponential phase (OD 600 of 1.2), and macrophages were infected with a multiplicity of infection of 10. Cytotoxicity was determined by measuring the release of the cytosolic enzyme lactate dehydrogenase (LDH) into supernatants by using the cytotoxicity detection kit (Roche) at various time points after infection.
Murine respiratory tract infection. For intranasal infection, bacteria were grown in LB medium to the exponential phase (OD 600 of 1.2). Bacteria were harvested and resuspended in 0.01 M potassium phosphate buffer made isotonic with saline (pH 7.5). BALB/c mice, 8 to 10 weeks old, were anesthetized by a mixture of ketamine hydrochloride and xylazine hydrochloride and subsequently inoculated with ϳ10 8 bacteria in 30 l into both nostrils. Mortality of animals was monitored daily. Kaplan-Meier survival analysis for time was performed with SPSS version 7.0. Iron supplementation disk assay. Bacteria grown overnight on Columbia agar plates (Becton Dickinson) were washed repeatedly with 0.9% (wt/vol) NaCl, and 100 l containing approximately 2 ϫ 10 7 to 5 ϫ 10 7 bacteria was suspended in 3 ml of iron-depleted VB soft agar at 40°C (1.1 or 0.5 mM 2,2-dipyridyl as a chelator for free iron and 0.6% [wt/vol] Difco high-grade agar), mixed well, and poured on iron-depleted VB plates (1.5% [wt/vol] agar). Sterile filter paper disks were placed on the solid soft agar, and disks were spotted with 8 l of Fe 2ϩ (200 mM ferrous sulfate; Sigma), Fe 3ϩ (100 mM ferric citrate; Sigma), hemin (10 mM; Sigma), or hemoglobin (0.1 mM; Sigma). Plates were incubated at 37°C for 24 h. H 2 O 2 sensitivity assays. The H 2 O 2 sensitivity broth assay was adapted from Ma et al. (31) . Briefly, all morphotypes were grown aerobically in VB medium until log phase (OD 600 ϭ 0.8) or stationary phase for 27 to 48 h (depending on the strain used) at 37°C. After dilution to an OD 600 of 0.6 in prewarmed VB medium, the bacteria were incubated with final concentrations of 0.03% (vol/vol) or 0.003% (vol/vol) H 2 O 2 (Merck) for 12 min. The suspensions were then serially diluted in 0.9% (wt/vol) saline containing 60 g of bovine liver catalase (Sigma) per ml, and aliquots were plated on LB agar. The number of CFU was determined after incubation at 37°C for up to 48 h. The percentage viability was calculated by comparing the CFU with and without exposure to H 2 O 2 . All experiments were done in duplicate with three plates each.
The H 2 O 2 sensitivity disk assay was adapted from Hassett et al. (18) . All morphotypes were grown aerobically at 37°C in VB medium for 27 to 48 h (stationary phase depended on the strain used). Then, 100 l of bacteria containing approximately 2 ϫ 10 7 to 5 ϫ 10 7 bacteria was suspended in 3 ml of LB soft agar at 40°C (0.6% [wt/vol] agar), mixed well, and poured on LB agar plates (with 1.5% [wt/vol] agar). Sterile filter paper disks were placed on the solid soft agar, and the disks were spotted with 8 l of 30% (wt/vol) H 2 O 2 . Plates were incubated at 37°C for 24 h, and the diameter of zone of growth inhibition around the disks was measured. All experiments were done in triplicate with three plates each.
RESULTS AND DISCUSSION
Genome analysis of P. aeruginosa 20265. To further characterize SCVs with enhanced biofilm-forming capabilities from P. aeruginosa emerging during CF lung infection, we compared gene expression of the autoaggregative and highly adherent P. aeruginosa SCV 20265 with its isogenic wild type and in vitro-generated revertant (20) showing no enhanced adhesion properties in a genome-wide manner. As genomes from P. aeruginosa strains vary considerably in genome size and content (38), we first assessed whether the P. aeruginosa PAO1 GeneChip is applicable for the approximately 6,644-kb genome of SCV 20265 used in this study, which is 380 kb larger than that of PAO1. The fragmented genome of SCV 20265 hybridized with 5,069 of 5,549 PAO1 genes (91%) (for more details, see Fig. S6 provided in the supplemental material) as well as 46 of 117 (39%) genes from other P. aeruginosa strains. Hence, the P. aeruginosa GeneChip recognizes at least 87% of the SCV 20265 genome.
Transcriptional profiles of P. aeruginosa 20265 morphotypes. To obtain genome-wide transcriptional profiles of the different clonal morphotypes of strain 20265, bacteria were grown to exponential and to stationary growth phase. A good reproducibility (Pearson correlation of higher than r ϭ 0.97) of transcript levels from duplicates of the same morphotype and growth stage was observed. We identified 309 P. aeruginosa PAO1 genes, 8 genes from other P. aeruginosa strains, and 2 intergenic regions to be differentially expressed (for more details, see Table S3 in the supplemental material). Forty-two percent of these genes encode proteins with unknown functions (confidence class 4; www.pseudomonas.com), which is barely below the proportion of 46% assigned for the genome of P. aeruginosa PAO1 (45) .
In our previous study, we showed that in vitro-derived revertants from autoaggregative SCVs exhibit an intermediate phenotype between wild type and SCV with respect to biofilm formation, association with the pneumocytic cell line A549, surface hydrophobicity, and swimming motility. However, revertants showed an even better twitching motility than SCV and the wild type. These data indicate that revertants are not identical to the wild type (20) . The comparative gene expression analysis performed here confirmed these results. In the exponential phase, the revertant resembled the wild type more closely than the SCV, indicated by the smallest number of differentially expressed genes (Table 1 ) and the highest correlation of the transcriptional profiles of all genes determined with Pearson correlation as a distance metric (data not shown). In contrast to the exponential phase, the revertant resembled the SCV more closely during stationary phase, with only 11 genes being differentially expressed ( Table 1) . As opposed to the pronounced difference in growth rate between SCV 20265, its clonal wild type, and the revertant on solid media (20) , only minor differences in growth rate were observed during the exponential phase in liquid media (see Materials and Methods). Although, we cannot completely rule out that some of the observed differences in gene expression might be due to slight differences in growth rate of the different morphotypes, a significant impact is unlikely.
SCV 20265 showed differential expression of genes linked to growth as a biofilm. It has been shown that type IV pili enable P. aeruginosa to move on surfaces to form confluent films (36) and caps of mushroom-shaped structures in later stages of biofilm development (24) . The role of flagella in adherence and biofilm initiation is still controversial and seems to be dependent on the carbon source used as well as the experimental setup (static growth or within a flow chamber) with their various degrees in applied turbulence (25) . Still, it was proposed that reduction of flagella may help to stabilize the three-dimensional structure of the mature biofilm (51) . The increased ability of the SCV 20265 to form biofilms in a stan- 
Putative acyl carrier protein from glycosylation island
Type IV pili length control Ϫ Ϫ 3.1 (0.6) Ϫ Ϫ Ϫ 6.5 (3. (Table 2) . During the exponential and stationary growth phases, the two most important structural proteins of the bacterial flagellum, the type a flagellin encoded by the gene flaA/fliC (11, 46) and the flagellar capping protein encoded by fliD (2), were downregulated in SCV 20265 in comparison to the wild type. This is in agreement with the reduced swimming motility of SCV 20265 (20) . The flaA gene, sequenced from P. aeruginosa PAK, has remarkable sequence differences from the type b flagellin fliC gene of PAO 1 and was therefore also put on the P. aeruginosa GeneChip. The upregulation of pilA in SCV 20265 in comparison to the wild type was confirmed before by Northern hybridizations (20) , which correlate with the observed hyperpiliation and increased twitching motility of SCV 20265 (20) . Similar to SCV 20265, the fast-growing revertant expressed pilA above the wild-type level but furthermore showed a higher expression of the recently characterized fleP, a gene that is responsible for the stable flagellar attachment to the cellular pole and the control of the length of type IV pili (11) . It was shown that a fleP mutant produced elongated pili, fewer and structurally different flagella, and had an impaired twitching motility (11) . One might hypothesize that the upregulation of fleP in the revertant of SCV 20265 and its gene product may lead to shorter but still abundant pili through upregulation of pilA and might play a role in the increased twitching and swimming capabilities and the reduced lower autoaggregative and adhesive phenotype of the revertant in comparison to the SCV 20265 (20) . Besides the apparent cluster of motility genes, a second functional group of genes involved in iron supply of P. aeruginosa was found in our analysis to be differentially expressed (Table 2) . A sufficient iron supply has recently been demonstrated as essential for the establishment of a P. aeruginosa biofilm (42) . During the logarithmic phase of growth in minimal medium with only traces of iron, SCV 20265 and revertant 
Ribosome modulation factor 4.8 (0.3) 6.7 (2.6) Ϫ Ϫ Ϫ Ϫ a Boldface genes were found as well in the proteome analysis of either this study or from Wehmhöner et al. (50) . Note that the expression changes from PA2398 (fpvA) and PA3407 (hasAp) diverged from the proteome analysis (see Results and Discussion). PA number, gene, and protein name imposed by the P. aeruginosa Sequencing and Community Annotation Project (http://www.pseudomonas.com). For non-PAO1 genes, the GenBank accession numbers with the number of coding sequences (cds) are used to describe their identity.
b For all genes with a significant differential expression (Affymetrix Microarray Suite software) in a magnitude of at least twofold in all four pairings of each morphotype comparison, the arithmetic average and SD were calculated. Upregulated genes are given as positive values, and downregulated genes are given as negative values. Ϫ, no significant differential expression. WT, wild type; REV, revertant.
c Type III secreted proteins (54 showed a strong upregulation of genes coding for pyochelinmediated iron uptake (37, 49) . In the stationary phase of growth, genes of other systems, such as the Fe(III) siderophore pyoverdin (32) and the gene coding for the hemophore HasAp (33), were downregulated in SCV 20265 and revertant when compared to the wild type (Table 2 ). This is in contrast to the higher protein abundance of HasAp and the ferripyoverdin receptor protein FpvA found in SCV 20265 during exponential growth, as shown by proteome analysis (50) and an approximately threefold-larger amount of pyoverdin accumulating in the supernatant of SCV 20265 in comparison to the wild type during growth in the stationary phase (data not shown). Interestingly, a posttranscriptional regulation of FpvA and HasAp by quorum sensing has recently been proposed (1) . The global iron uptake regulator fur (17) was slightly upregulated in SCV 20265 in comparison to the revertant, but we did not find differential expression between SCV 20265 and the wild type. We thus conclude from our array data that the differential gene expression of fur does not seem to contribute to the described differential gene expression of various iron uptake systems between SCV 20265 and the wild type. The increased expression of bfrB in SCV 20265 encoding the iron storage protein bacterioferritin known to be upregulated under highiron conditions (42) might indicate that an increased pyochelin, pyoverdin, and HasAp-mediated iron uptake renders the SCV more competitive in iron acquisition during the exponential growth phase than the wild type. To test this hypothesis, growth experiments with SCV 20265 and the wild type on iron-depleted VB plates repleted with Fe 3ϩ , Fe 2ϩ , hemin, or hemoglobin showed that SCV 20265 can indeed cope with lower concentrations of iron in the medium than the wild type (Fig. 1) . Among other autoaggregative SCVs tested, only SCV 52 showed the same growth advantage as the SCV 20265 with Fe 3ϩ and Fe 2ϩ repletion but not with hemin or hemoglobin (data not shown). In future studies, however, it has to be elucidated whether the growth phase-specific usage of iron uptake systems has a functional impact on the abilities of different morphotypes of P. aeruginosa in adapting to the ironlimited environment of the CF lung.
A third functional group of genes that could be linked to the biofilm mode of growth contained genes involved in the maintenance of the cellular redox status. The SCV 20265 in comparison to the fast-growing morphotypes wild type and revertant showed an upregulation of trxA encoding thioredoxin and PA2827 encoding a conserved hypothetical protein with a domain often found in peptide methionine sulfoxide reductases (Pfam assignment PF01641) ( Table 2 ). Thioredoxin and peptide methionine sulfoxide reductases are known to reverse the inactivation of many proteins due to oxidation of thiol-containing residues (28) . Genes involved in the periplasmic formation of disulfide bonds (dsbB, dsbG, PA2477, and PA2478), required for the stabilization of exported proteins (7), were reduced in expression in SCV 20265 and the revertant compared with the wild type. Referring to their expression profile, dsbG (PA2476), PA2477, and PA2478 most likely form an operon with PA2475 encoding a probable cytochrome P450. Cytochrome P450 proteins are involved in degradative processes and known to produce superoxide anion radicals as by-products (15) . The gene expression data suggest that the operon PA2475-PA2478 is coregulated with a two-component system, PA2479-PA2480, encoded on the opposite strand (Table 2) . This may indicate a regulative role of this two-component system for the operon PA2475-PA2478. Besides PA2475, another cytochrome P450 (PA3331) was found during transcriptional analysis. PA3331 was shown to be downregulated in stationary-phase-grown SCV 20265 and the revertant in comparison to the wild type ( Table 2 ). The above-described differential regulation of redox active enzymes may be part of a complex adaptation of SCV 20265 to an altered redox status in the CF lung. This proposal was supported by proteome analysis. Here, the decreased gene expression of dsbG in SCV 20265 and the revertant in both growth phases was shown to result in a negligible amount of protein ( Fig. 2A) . Furthermore, proteome analysis revealed additional proteins involved in oxidative stress to be differentially expressed. SCV 20265 exhibited an overproduction of the chaperone GroEL in comparison to the wild type (not shown), whereas a probable DNA-binding stress protein (PA0962) was much less expressed in SCV 20265 ( Fig. 2A) . Moreover in stationary-phase cultures, a thiol peroxidase (PA2532) (Fig. 2B ) and a probable peroxidase (PA3529) (Fig. 2C ) were shown to be overexpressed in SCV 20265. To test the hypothesis that the differential regulation of these redox active genes might have an impact on the resistance of SCV 20265 against oxidative stress, we tested whether the autoaggregative SCV 20265 is more resistant against H 2 O 2 than its corresponding wild type (Fig.  3) . Exposure of exponential-and stationary-phase-grown SCV 20265 to H 2 O 2 in liquid medium (Fig. 3A) as well as on solid agar (Fig. 3B ) revealed a higher level of resistance than the respective wild type. However, under these experimental conditions, no other autoaggregative SCV tested revealed a higher H 2 O 2 resistance compared to their respective wild types (data not shown).
The peroxidases as well as the thioredoxin protein TrxA mentioned above have been found to be induced in P. aeruginosa biofilms, especially when the biofilm was raised under anaerobic conditions (57) . Other genes known to be upregulated in anaerobic environments were shown to be upregulated in SCV 20265, like modA and modB necessary for molybdate uptake and hence nitrate respiration and denitrification (41) as well as oprC, an outer membrane protein involved in copper uptake (56) and recently shown to be produced in larger amounts in SCV 20265 (51) ( Table 2) . Copper is a cofactor of the protein azurin probably involved in detoxification of oxidative NO produced during the process of denitrification (48) . Another response to stress may be the upregulation of the rmf gene. It encodes a protein necessary for survival of the cell when growth rate decreases (55) and shows increased expression in SCV 20265 during the exponential growth phase ( Table 2 ).
In conclusion, the transcriptional profile of SCV 20265 obtained in oxygenated planctonic culture indicates that this clonal variant might be especially adapted to oxidative stress, low free iron, and anaerobic conditions as well as a biofilm mode of growth. All of these conditions are likely to be encountered within the habitat of the CF lung (26, 53) .
SCV 20265 exhibits a constitutive type III secretion-dependent cytotoxicity. The TTSS and its secreted products are considered to be a major virulence factor of P. aeruginosa and other gram-negative bacterial pathogens (23) . After attachment to eukaryotic host cells, the TTSS enables these bacteria to inject effector proteins directly into the cytosol of the host cells (8, 23) . TTSS effector proteins of P. aeruginosa are the ADP-ribosyltransferases ExoT and ExoS, the adenylate cyclase ExoY, and the lipase cytotoxin ExoU (PepA) (40) . In the previous proteome analysis, we found four TTSS proteins (PopN, PcrV, PopB, and PopD) as well as ExoT and ExoS overproduced in the SCV 20265 in comparison to the wild type (50) . With the microarray approach, we found constitutively higher expression of 33 of 36 genes of the TTSS gene cluster (PA1690 to PA1725) in the SCV 20265 and the revertant during exponential growth (Table 2) . Most strikingly, expres-sion of genes coding for the effector proteins ExoT, ExoS, and ExoY located outside of the TTSS cluster on the P. aeruginosa chromosome showed massive upregulation of more than 30-fold in the SCV 20265 compared to the corresponding wild type. The exsA gene, encoding a global TTSS regulator (22) was also upregulated in the SCV 20265 compared to the wild type. This upregulation may account for the increased TTSS expression in SCV 20265. To test if the high transcript level of the TTSS and effector proteins in the SCV 20265 is biologically meaningful, we determined the in vitro cytotoxicity by using the murine macrophage cell line J774.A1. Figure 4 shows that SCV 20265 was significantly more cytotoxic than the wild type. The increased cytotoxicity of SCV 20265 was proven to be TTSS dependent, as a chromosomal knockout of exsA in SCV 20265 led to a significantly reduced cytotoxicity (Fig. 4A) . The cytotoxicity of SCV 20265 was ExoU independent, as the strain lacks the exoU gene, which was determined by genome analysis with the GeneChips. This is a trait frequently observed for CF isolates (14) . It is likely that the cytotoxicity of SCV 20265 is mediated through the introduction of small pores into the macrophage membrane as has been shown for strain CHA (10) . The genes encoding PopB, PopD, and PcrV, essential for the formation of these pores (10), were found to be upregulated more than 60-fold in SCV 20265 compared to the wild type. Testing of altogether seven clinical autoaggregative SCV isolates revealed four strains (SCV 20265, SCV 52, SCV 8226, and SCV 231) with increased cytotoxicity (Fig. 4A to D) , whereas within a group of eight nonautoaggregative clinical SCVs, none showed this characteristic. A highly significant dependency between the autoaggregative SCV phenotype and ) . This indicates that the more pronounced cytotoxicity of these SCVs was also most likely due to type III secretion. Respiratory tract infection of BALB/c mice showed a significantly higher virulence of SCV 20265 than that of the wild type (P ϭ 0.01) and the exsA mutant of SCV 20265 (P Ͻ 0.01) at day 3 postinfection (Fig. 5A ) and of SCV 52 (day 3; P Ͻ 0.01), SCV 8226 (day 5; P Ͻ 0.01), and SCV 231 (day 3; P Ͻ 0.01) in comparison to their corresponding wild types, respectively (Fig. 5B to D) . Within the first 48 h, SCV 20265-infected mice were physically inactive and suffered from more severe dyspnea than the wildtype-and 20265 SCV exsA mutant-infected mice, resulting in 75% dead animals at day 3 compared to 25% for the wild type and 8% for the exsA mutant. However, at later time points, these differences were less pronounced, indicating that TTSSmediated virulence was important for the acute toxicity observed in SCV 20265 during the early phase of infection. Beyond day 3, the difference in mortality between SCV and the wild type in strains 52, 8226, and 231 was more pronounced than that in strain 20265 (Fig. 5B to D) .
In this study, we demonstrated that the differential gene expression of a clinical autoaggregative SCV in comparison with its wild type and revertant correlates with functional properties such as motility, iron uptake, resistance against oxidative stress, as well as cytotoxicity. As it is very likely that mutations or small insertions or deletions (which cannot be resolved by SpeI restriction) unrelated to the SCV morphotype are responsible for some of the differential gene expression observed between the 20265 morphotypes, it is not surprising that SCV 20265 also exhibits functional properties, which are not shared by other SCVs. Therefore, one has to be cautious in drawing general conclusions with respect to other autoaggregative SCVs from the expression signature of SCV 20265. However, there is obviously a link between the autoaggregative hyperpiliated SCV morphotype and increased TTSS-mediated cytotoxicity. In this context, upregulation of type IV pili in SCV 20265 not only may enhance adhesion and autoaggregation but also may contribute to increased TTSS-mediated cytotoxicity through increased adhesion to host cells (52) . Recently, Wolfgang et al. observed that expression of TTSS genes are not only influenced by the ExsA protein regulator but as well by high levels of cyclic AMP (cAMP) and the cAMP binding protein gene vfr (52) . Interestingly, high cAMP levels result along with a higher TTSS expression in higher expression of genes coding for type IV pili as well as in lower expression of genes from the flagellar apparatus of P. aeruginosa (52) . Although higher expression of the cAMP-producing adenylate cyclases cyaA and cyaB could not be found in our transcriptome analysis, it might be that an increased cAMP level is involved in the differential expression of flagella, type IV pili, and the TTSS in SCV 20265.
It is generally accepted that the habitat of a chronically infected CF lung selects for less virulent P. aeruginosa strains (5, 29, 39) . Isolates from CF patients were reported to produce lower levels of protease, elastase, and exotoxin A (5) and lower levels of type III toxins, such as ExoT, ExoS, and ExoU, as well as less PcrV (39) . The results of this study, which show that some P. aeruginosa SCV morphotypes exhibit an increased type III secretion-mediated virulence, contradict this general observation. As the risk of mortality after P. aeruginosa infection was shown to be increased considerably when TTSS effector proteins are expressed (39) , SCVs are likely to have an impact on the prognosis of CF patients and diagnostic laboratories should therefore take precautions in detecting this otherwise easily missed morphotype (13, 19) .
